ABSTRACT With population aging, increasing numbers of people who are elderly are losing the ability to walk and therefore are experiencing difficulties caring for themselves. This prompted the designing of a sitting-type walking-assistance robot named the human support robot (HSR), which can move accurately in narrow indoor environments and act as a person's legs to assist her/him with activities of daily living. With the construction of a dynamic model of the HSR, a saturated control algorithm guarantees the safety of the omniwheels and the HSR supporting process. Analysis of the omniwheel touchdown characteristics improves the accuracy of the dynamic HSR model. Under trajectory tracking control with adaptive technology, the HSR tracking performance is improved, and the vibration in the orientation angle caused by the omniwheel touchdown characteristics is eliminated. The exponential practical stability of the tracking error system is derived, and the effectiveness of the proposed methods is confirmed in simulations.
I. INTRODUCTION
The continuous improvement in living conditions and the subsequent increase in life expectancy during the past few decades have led to the gradual aging of the global population, resulting in a significant increase in age-related health issues [1] - [3] . Declining motor function (e.g., decreased muscle strength, coordination, and dexterity) is commonly associated with aging and can lead eventually to potentially disabling falls [4] , [5] . If people who are experiencing infirmity cannot access timely and effective care, their conditions will deteriorate steadily and could even become life threatening [6] - [8] . However, the workforce of healthcare providers and nurses is decreasing and therefore cannot meet the demands of people who require assistance; this situation is likely to worsen as birth rates drop [9] . Therefore, companies and research establishments have developed various service robots and mechanical systems in recent years. According to the ISO 8373: 2012 standard, ''a service robot is a robot or actuated mechanism programmable in two or more axes with a degree of autonomy, moving within its environment, that performs useful tasks for humans or equipment excluding industrial automation applications'' [10] . Service robots are mainly either (i) rehabilitation robots (e.g., ankle rehabilitation robots [11] , wearable antigravity musclesupport robots [12] , and lower-limb rehabilitation robots [13] , [14] ) or (ii) assistive robots (e.g., meal-assistant robots [15] and service climbing robots [16] ). Considering the rehabilitation robots that are used frequently in hospitals and recovery centers, the latter category (i.e., assistive robots) has wider and more numerous applications.
According to a survey by the International Federation of Robotics [17] , the total number of service robots sold in 2015 for professional use increased by 25%. The sales value surged by 14% to a new record of US$ 4.6 billion. Increasing numbers of assistive robots are being invented and sold by companies and research institutes [18] . Assistive service robots generally assist socially, sensorially, or physically [10] ; robots representing each type of assistance are discussed below.
A socially assistive robot has been designed to encourage people who are elderly to take physical exercise; the robot monitors the user's performance and shows her/him which arm exercises to perform [19] . Robot pets have also been developed, which can express surprise and satisfaction just as real pets might, creating healing effects through their interactions with people [20] , [21] . Meal-assistant robots have been designed for people who are disabled or elderly and cannot consume food unassisted [15] , [22] . Standing-up self-help robots have been proposed for people who are elderly and need care support standing-up motion, by leaning on a pad of these robots to make sufficient momentum without bearing heavy burden [16] , [23] . An exoskeleton assistive robot [24] and an intelligent cane [25] have been developed to assist in walking people who are elderly or handicapped, require low-level care, and find daily life difficult without someone's help. However, for people who are elderly and need highlevel care or can hardly move at all, moving-assistance robots must have higher levels of safety (e.g., body balance and fall prevention).
In our laboratory, which is engaged in mobile robotics, we have developed a sitting-type moving-assistance robot named the Human Support Robot (HSR). The HSR is suitable for people who have lost the use of their legs but can move their hands normally. To help its user with daily life, the HSR must simulate leg functions such as squatting down, standing on tiptoe, and moving in any direction. Therefore, the seat on the HSR must be able to be raised and lowered by a wide margin.
General cars can move forward and backward and turn left and right, but they can hardly obtain the lateral movement [26] . It is well known that omniwheels (i.e., omnidirectional wheels) break the nonholonomic constraint, allowing robots with three degrees of freedom to move in every direction; the corresponding motions are longitudinal, lateral, and center-point steering. Therefore, moving robots with omniwheels can maneuver through narrow and complex spaces that require accurate positioning, and they have been deployed in many situations. For example, a collaborative robot with omniwheels can guide and assist its human operator to move heavy objects along a given trajectory [27] . Omnidirectional and highly flexible forklifts have been used in various applications involving production, logistics, and maintenance [28] . For a tracked cross-country vehicle, omnidirectionality can improve maneuverability and crosscountry capability compared to conventional cross-country vehicles [29] .
Therefore, we mounted three omniwheels on the HSR, allowing it to move omnidirectionally but also increasing the control difficulty. Omnidirectional moving robots are afflicted by the problem of noticeable vibrations in the orientation angle, something that common wheeled vehicles avoid. Most previous studies have either neglected this problem or reduced its influence by adjusting the controller gain. In our case, we have investigated the omniwheel touchdown characteristics (OTCs), thereby revealing the cause of its vibrating orientation angle. We then used adaptive technology to eliminate this vibration. The omniwheel can move in every direction; hence, many omnidirectional mobile robots will be used in engineering design. Additionally, some omnidirectional mobile robots require higher tracking precision. In such conditions, the problem of OTCs cannot be ignored and will lead to more research in this field. Our method gives a demonstration to account for the OTCs, which significantly improve the tracking accuracy.
In general, an omniwheel comprises a drive wheel and several follower wheels (FWs). Because of its complex structure, an omniwheel can move in any direction. However, this complex structure compromises the structural strength of the machine. For instance, the bearings of the FWs must be ground sufficiently thin to fit on the drive wheel. Therefore, to ensure the normal operation of machine and a normal service life, constraints are required on the inputs and outputs of an omniwheel. In previous research, the control input was constrained effectively by a saturation operator. A dynamic controller was designed for a feedback linearizable nonlinear system with input constraints [30] . A simple saturated proportional-derivative controller was proposed for asymptotic dynamic positioning of airships in the presence of actuator constraints [31] . With compensation of an anti-windup compensator to the inputs, the airship converged to and flew along the designated course at the desired speed. An adaptive neural control strategy was proposed for multiple-input and multiple-output nonlinear systems with state and input constraints [32] .
In the above studies, the control input was constrained by the sign function of the switching surface function. However, such abrupt control destroys the Lipschitz condition of the system. To limit the control input in a robotic system, the hyperbolic tangent function is more suitable because it saturates smoothly. Adaptive bounded control has been investigated in trajectory tracking for a quadrotor aerial vehicle, which combines a smooth saturation function and a smooth projection operator [33] . For an uncertain multiinput multi-output nonlinear system with a saturation nonlinearity input, a command filtering-based fuzzy control was designed using a hyperbolic tangent function [34] . An inputconstrained boundary control scheme was proposed for a flexible aerial refueling hose of variable length, which was regulated by a scheme based on Hamilton's principle and the original partial differential equations [35] . Unlike a general moving robot, the HSR is affected by user and external factors. Therefore, the omniwheel inputs and outputs should each be constrained to ensure the endurance capacity of the omniwheels. The constraint on the omniwheel outputs is a protective measurement with the sign function. To avoid nonsmooth input to the mechanical structure, we consider the omniwheels and the mechanical structure of the HSR as an entire system, thereby also facilitating system analysis. Finally, we constrain the omniwheel inputs with a hyperbolic tangent function.
Motivated by the above observations, this paper makes the following contributions. 1) We begin by introducing the mechanical structure and movement theory of the HSR. For the HSR to support VOLUME 6, 2018 a person who is elderly, it must be able to track a designed trajectory accurately in a complex and narrow environment. Therefore, to study the trajectory tracking control further, we use Lagrange's equation to construct a dynamic model of the HRS. 2) To reveal the cause of the noticeable vibration in the orientation angle, we investigate the OTCs. On the basis of these characteristics, we develop an adaptive law for estimating the unknown parameter in the tracking controller, thereby eliminating the vibration in the orientation angle.
3) The omniwheels introduce another problem that must be considered, namely, the vulnerable mechanical strength. By designing a saturated controller, the omniwheel inputs and outputs are constrained to protect the omniwheels and also guarantee the safety of the HSR assisting process. Herein, we approximate the saturation function of the omniwheel inputs by a hyperbolic tangent function, thereby guaranteeing the smoothness and boundedness of the controller. 4) Finally, we derive the exponential stability of the tracking error (TE) system from Lyapunov stability, Lagrange's mean-value theorem, and Markov's inequality. Both the TE and its derivatives can be made arbitrarily small by tuning the designed parameters of the controller. As shown in the simulation results, the adaptive saturated control eliminates the vibration in the orientation angle. The remainder of this study is organized as follows. Section II gives the construction of the HSR and its dynamic model. In Section III, we design the saturated adaptive tracking controller and analyze the OTCs and the stability of the trajectory TE system. The simulation of a complex indoor walking route is presented in Section IV, and concluding remarks are given in Section V. Figure 1 shows the structure of the HSR. The control panel comprises a control rocking bar, an emergency button, an altitude control dial, and a control selecting dial. Pushing the control rocking bar controls the direction in which the HSR moves, and rolling the top of the bar controls the posture. The control selecting dial is used to determine the control pattern (control rocking bar or microcomputer), and pushing the emergency button stops the HSR from working. The microcomputer converts the control signal into a current signal that is used by the motors of the omniwheels and lifter. The position information obtained from camera is sent to the microcomputer via serial communication. The armrest and chest supporter keep the user secure in the seat and support some of the upper-body weight. The lifter can either lower the seat to help the user get seated or raise it to help the user reach high objects. Around each drive wheel are 10 equally sized FWs whose maximum diameter is 42.8 mm. Each omniwheel is driven by a 24-V DC motor mounted inside it. To protect the omniwheels, each one can withstand a maximum load of 100 kg, and the maximum current rating is 2.33 A.
II. CONSTRUCTION OF HUMAN SUPPORT ROBOT AND ASSOCIATED DYNAMIC MODEL A. STRUCTURE OF THE HUMAN SUPPORT ROBOT

B. DYNAMIC MODEL OF THE HUMAN SUPPORT ROBOT
Herein, because our aim is to improve the trajectory tracking performance, we begin by formulating a dynamic model of the HSR. Because the height of the HSR has no effect on the tracking, we construct the two-dimensional coordinate system shown in Fig. 2 to describe the HSR movement. 
Here, M 0 is the inertial matrix of the HSR about its GC, which, by the parallel axis theorem, is
where M is the HSR inertial mass, m is the user's inertial mass, and I 0 is the HSR moment of inertia. Matrix B 0 (t) depicts the resultant force of f i (i = 1, 2, 3), namely,
X G (t) is the vector acceleration of the CoG, andẍ G (t), y G (t), andθ(t) are its X , Y , and θ components, respectively. The vector position of the CoG of the HSR is given by
where x G (t) and y G (t) are its x and y components, respectively. The orientation angle θ(t) is the same about the CoG and the GC. The vector driving force on the HSR generated by omniwheels W 1 , W 2 , and W 3 is
Remark 1: In the process of trajectory tracking, we regard the HSR as a particle. The GC position is considered as the system state, being more suited to describing the HSR movement than is the CoG because the HSR is symmetrical in shape. Therefore, we translate the HSR state from the CoG to the GC. From Fig. 2 , the relationship between the CoG and GC speeds isẊ
where x(t), y(t), and θ(t) are the X , Y , and θ position coordinates, respectively, of the GC. Then, from (1) and (6), the equation of motion of the GC of the HSR is obtained as
Remark 2: With two FW rows mounted on each drive wheel, as shown in Fig. 3 , the omniwheels allow the HSR to move in any direction. However, the OTCs alternate between the two FW rows. Fig. 4 shows that the actual lever arm is changing around a constant, leading to tracking-path errors. In Fig. 4 and (9) , the unknown functions δ 1 (t), δ 2 (t), and δ 3 (t) are the cause of the HSR tracking inaccuracy and are due to the OTCs. If δ 1 (t) = δ 2 (t) = δ 3 (t) = 0, Eq. (9) becomes (10), which we use to design an adaptive controller:
where
III. CONTROLLER DESIGN AND STABILITY ANALYSIS
To improve the tracking performance and the safety properties of the HSR, we designed an adaptive saturated control system. With this control system, we can eliminate the HSR vibrations due to the OTCs. We constrain the omniwheel inputs and outputs to guarantee the safety of the omniwheels. The research ideas and concrete design of this controller are discussed below.
A. DESIGN OF THE SATURATED CONTROLLER
We define the constraint on the omniwheel outputs as
whereF(t) = [f 1 (t),f 2 (t),f 3 (t)] T represents the omniwheel outputs. sgn(x) is a sign function:
Substituting (12) into (9), we have
To ensure the nonsingularity and local Lipschitz condition of the system, we approximate the sign function by a hyperbolic tangent function:
T is a disturbance caused by the control error of the DC motor and the uncertainty of the working environment, and U b (t) is bounded. The forms of these expressions are 
The matrices M 0 and K (t) are nonsingular, and (13) can be expressed as
Remark 3: To ensure that the omniwheels work normally, the omniwheel inputs must be constrained. Given the inevitability of an omniwheel encountering another disturbance such as a depression, the omniwheel output F(t) should still be constrained. Considering the omniwheels and the HSR as an entire system, its input u(t) constrained as (15) is smooth, which is suitable for system analysis. The control constraints are designed appropriately for the safety and effectiveness of the system. Applying Lagrange's mean value theorem, there exists some µ i (0 < µ i < 1; i = 1, 2, 3) for which
. According to the properties of hyperbolic functions, we have
Given that u i (t 0 ) = 0 and u h i (t 0 ) = 0, Eq. (18) can be simplified to
B. ANALYSIS OF OMNIWHEEL TOUCHDOWN CHARACTERISTICS
As described in Section I, omniwheels can move in any direction and are used widely in mechanical systems. By analyzing the OTCs, the present research clarifies how the vibration in the orientation angle is generated and develops an effective approach for removing this influence. Next, we separate the unknown functions from the matrix:
We define
where S(t) = [s 1 (t), s 2 (t), s 3 (t)] T with s 1 (t) = s 2 (t) = 0 and (13) with (23) and (24), we have
M 0 K (t)Ẍ (t) + M 0K (t)Ẋ (t) = B(t)F sat (t) + S(t). (25)
As implied by (24) , the OTCs primarily influenceθ in the mechanical system. Consequently, they affect the orientation angle θ. Because the unknown function s 3 (t) constitutes the product of δ i (t) andf sat i (t), the effect of the OTCs depends on f sat i (t). Therefore, the control constraints not only protect the omniwheels but also decrease the influence of the OTCs.
Remark 4:
In general, becauseB * (t) contains trigonometric functions of θ, the OTCs also influence the X and Y positions of the HSR. However, our designed controller has a decoupling function that can eliminate this influence in the ideal case. Thus, the OTCs amplify the vibration in the HSR orientation angle. Subtracting (10) from (25), we have
) + S(t). (26)
To facilitate the form of the controller, we define the model reference error as Z (t) = X (t)−X r (t). Then (26) is simplified as,
M 0 K (t)Z (t) + M 0K (t)Ż (t) = B(t) F sat (t) − F r (t) + S(t).
(27)
C. CONSTRUCTION OF THE TRACKING ERROR SYSTEM
Because we focus herein on trajectory tracking control, the TEs are defined as follows, where X d (t) ∈ C 2 (R 3 ) is the reference trajectory:
e 2 (t) =ė 1 (t) + αe 1 (t) =Ẋ (t) −Ẋ d (t) + αe 1 (t). (29) Combining (28), (29) , and (25), we obtain the following TE system e T 1 (t), e T 2 (t) T :
D. DESIGN OF THE ADAPTIVE TRACKING CONTROLLER
The HSR usually works in a narrow environment such as a corridor, kitchen, sitting room, or dining room, thereby requiring higher tracking precision compared to moregeneral mechanical systems. Because the model precision is a decisive part of trajectory tracking, we considered the OTCs in the section B, thereby introducing unknown parameters in the system. As for this reason, traditional controllers are not applicable here. Therefore, we introduce adaptive technology herein, and the design of the adaptive controller is described below. The adaptive law is designed aṡ
...
Z (t) + 2M 0K (t)Z (t) + M 0K (t)Ż (t) −Ḃ(t) (u(t) − F r (t)) − B(t)(u(t) −Ḟ r (t))
are positivedefinite matrices and ε j > 0 and c j > 0 (j = 1, 2, 3, 4) are designed parameters. The observed error is defined asS
(t) = S(t) −Ŝ(t). The tracking controller is designed as
where α = 2 + c 1 . The control system described above can be represented as Fig. 5 .
E. STABILITY ANALYSIS
Theorem 1: Consider the dynamic model of the HSR (9) with the OTCs and constrained omniwheel inputs and outputs.
Given a reference signal X d (t) ∈ C 2 (R 3 ), the adaptive law (32) and the tracking controller of (33) are designed such that the closed-loop TE system (e T 1 (t), e T 2 (t)) T has a unique solution on [t 0 , ∞) and is exponentially practically stable.
Proof: We define the Lyapunov function as
Taking the derivative of V (t) along (30) and (31) satisfieṡ
3Ṡ (t). (35)
Substituting (30) and (31) into (35), we havė
Analyzing the terms on the right-hand side of (36) and applying Young's inequality, we obtain the following FIGURE 5. Adaptive saturated control system. 
where • F is the Frobenius norm. Substituting (37)- (39) into (36), we havė
Combining (27) and (32), we havė
Substituting (33) and (41)- (43) into (40), we havė
For convenience for expression, we note that
Then, we haveV
From (34) and (47), according to [36, Th. 4] , the error system given by (30) and (31) is exponentially practically stable.
Remark 5:
Multiplying inequality (47) by e ct > 0 and integrating from t 0 to t, we get
Eq. (48) indicates that V (t) tends to a neighborhood of zero within a radius of 1, 2, 3 ) large enough, which implies that exponentially asymptotic tracking in some sense can be achieved at the expense of large control effort. In designing the control parameters, the effect between the TE and the allowable control effort must be carefully compromised. We note that λ min
, where λ min
are the eigenvalues of matrices Q 1 and Q 2 , respectively. Substituting (34) into (48), we obtain a new inequality, the limit of which is Substituting (29) into (49), we have, (51) show that the absolute value of the TE and its derivative can be made small enough by the design of Q 1 , Q 2 , and c i (i = 1, 2, 3, 4) . 
IV. SIMULATION STUDIES
In this section, the proposed adaptive saturated controller is verified with the method applied to the HSR considering the OTCs. The physical parameters of the HSR used in the simulation are M = 70kg, m = 60kg, L = 0.35 m, r 0 = 0.1m, and I 0 = 1.33 kg m 2 We assume that the HSR follows a complex indoor walking route, thereby showing the HSR results and the effect of the adaptive controller more fully. As shown in Fig. 6 , the user wants to move with the help of the HSR to destination F(0, 2) after getting out of bed at A (−2, 8) . During this process, the user wants to close the curtains and get a clearer picture on the television. Therefore, the HSR must walk sideways (crabwise) past the window (i.e., D(2, 0) → E(−2, 0)), thereby showing the importance of equipping the HSR with omniwheels. In addition to lateral movement, we also have As shown in Figs. 8(a)-(d) , the HSR can track the indoor walking-route trajectory. Fig. 9 shows that the omniwheel outputs are bounded and less than 50 N. The adaptive laws are shown in Fig. 10 , in whichŝ 1 (t) andŝ 2 (t) are zero or near zero; we sendŝ 3 (t) into the controller to eliminate the consequence of the OTCs. Figs. 11 and 12 show that e i (t) anḋ e i (t)(i = 1, 2, 3) are bounded, thereby validating properties (50) and (51). These simulation results demonstrate that the HSR can complete the trajectory tracking of the indoor walking route.
To show the necessity of analyzing the OTCs and designing an adaptive saturated controller for the HSR, we make a contrast with a proportional-integral-derivative (PID) controller. The physical parameters, trajectory, and initial point are the same as above, and the PID control parameters are designed as K P = diag{6.0,2.5,4.0}, K I = diag{0.01,0.01,0.01}, and K D = diag{4.0,3.0,2.0}. We use the PID controller for the omniwheel inputs, and the omniwheel input and output constraints are not considered. The simulation results are shown below.
In Figs. 13(a), (b), and (d), we can see that the trajectory tracking on the X axis, Y axis, and indoor walking route is very good. However, Fig. 13(c) shows that there were TEs in the orientation angle throughout the whole simulation, and those simulation results show that the PID controller cannot eliminate the disturbance due to the OTCs. Fig. 14 shows that, without the constraints on the omniwheel inputs and outputs, the omniwheel outputs with the PID controller go beyond the boundaries, harming the safety properties of the omniwheels. This group of simulation results is in accord with Remark 4 and validates the analysis of the OTCs.
To show that the orientation oscillation in Fig. 14 is caused by the OTCs, we conduct a further simulation. The PID control parameters are the same as those in the above simulation, but the OTCs are zero, namely, δ 1 (t) = δ 2 (t) = δ 3 (t) = 0. FIGURE 14. PID control inputs. VOLUME 6, 2018 The physical parameters of the HSR are the same as above. The simulation results show that the orientation oscillation vanishes if we neglect the OTCs, as shown in Fig. 15 . The above simulation results show that a general PID controller can be used if the OTCs are neglected in the system. However, with the OTCs included, a PID controller cannot eliminate the orientation oscillation. After illustrating the necessary consideration on the OTCs, we showed that the adaptive controller designed herein can eliminate the vibration of the orientation angle caused by the OTCs. The above simulation results have demonstrated the effectiveness of the proposed method.
V. CONCLUSION
This paper depicts a sitting-type assistive robot, named the HSR, that was developed to support the daily living of people who are elderly or disabled. A dynamic model of the HSR was constructed with the coordinate system of the HSR and Lagrange's equation. From analyzing the OTCs, the vibration of the orientation angle caused by the omniwheels was eliminated by designing an adaptive controller. To protect the omniwheels and guarantee the safety of the HSR assisting process simultaneously, the omniwheel inputs and outputs were constrained. The practical exponential stability of the TE system was derived based on the Lyapunov function, and the TEs could be made small enough by designing the controller parameters. Simulation results showed that our method can effectively eliminate the vibration caused by the omniwheels, and trajectory tracking was obtained. Therefore, in addition to the HSR, our method could also be applied to other omnidirectional moving robots that require high levels of control accuracy. Future work includes testing the proposed approach used on other omnidirectional mobile robots and considering more problems that exist in HSR, such as time-delay in motor, friction in omniwheels, and so on.
APPENDIX A A DYNAMIC MODEL OF THE HUMAN SUPPORT ROBOT
The total kinetic energy of the HSR is
where X G = [x G , y G , θ] T , M is the mass of the robot, and m is the mass of the user. Because the HSR operates on a flat surface, its potential energy is P X G ,Ẋ G = 0. Therefore, the Lagrange function can be expressed as
2 .
Furthermore,
Lagrange's equation can be expressed as [37] d dt
where τ is the driving torque of the Lagrange system. Substituting (54) and (55) 
where I 0 = Mr 2 0 is the moment of inertia of the HSR. By analyzing the coordinate system of Fig. 6 , the driving torque of the HSR can be easily obtained as
Therefore, the dynamic model of the HSR at the GC is obtained as 
